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You can know the name of a bird in all the languages of the world, but when you're finished, 
you'll know absolutely nothing whatever about the bird... So let's look at the bird and see 
what it's doing — that's what counts. 
 
I learned very early the difference between knowing the name of something 
and knowing something. 
 
 
Richard Feynman 
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Introduction 
Thermoresponsive Polymers 
All compounds react to changes in their environment. Properties change more or less with 
external stimuli like temperature, pressure, radiation, magnetic fieds or the chemical 
environment, in most cases gradually which is a form of stimuli-sensitivity. However, some 
compounds exhibit a drastic change of their physical properties upon only a small change in 
the environment. These are called stimuli-responsive. Stimuli-responsive polymers are of 
special interest because polymer engineering allows to unite the responsivity with the huge 
range of chemical and mechanical properties that polymeric materials can display. The facile 
production of composite materials as well as materials of high tensile strength should be 
named in particular. 
This work deals with thermoresponsive polymers. Temperature is a stimulus that can be 
applied easily and reversibly in contrast to, for instance, chemical additives. For this reason 
thermoresponsive polymers have been subject to extensive research in academic and applied 
polymer science over the last decades. Among them water-soluble thermoresponsive 
polymers are most attractive since water is the cheapest and safest solvent as well as the 
solvent of living systems allowing application in the huge field of biochemistry and medicine. 
Although other property changes are conceivable (e.g. thermochrome polymers) the vast 
majority exhibits a change of hydrophilicity. This change of hydrophilicity causes phase 
separation from solution at a distinct temperature. In analogy to the solution properties the 
switch of hydrophilicity can also occur when the thermoresponsive polymer is bound to a 
surface or when the polymer is part of a three-dimensionally crosslinked gel. This versatility 
allowed the development of numerous so called “smart” applications that exploit this kind of 
responsivity. An illustrative example are switchable hydrophilic-hydrophobic surfaces
[1-3]
 
that were the basis of the first commercial applications as coatings for cell culture dishes. The 
adhesion of cells depends on the hydrophilicity of the surface. Is the surface in its 
hydrophobic state cells can adhere and proliferate. Using a thermoresponsive polymer coating 
the cells can be detached just by a slight temperature change (Figure 1). This makes the use 
of proteases like trypsin unnecessary avoiding unwanted side reactions. Other promising 
application areas for thermoresponsive polymers are chromatography
[4]
, temperature 
triggered drug release
[5,6]
, targeted drug delivery
[7]
, gene therapy
[8,9]
, thermally switchable 
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optical devices
[10]
, or bioseparation
[11-13]
. However, with few exceptions applications were 
demonstrated only for polymers with inverse temperature dependent solubility (hydrophobic 
at high temperature) and due to the need of special monomers commercial applications 
remained restricted to small scales like cell-culture dishes
[14-16]
 or bioseparation
[17]
. Both are 
key issues that are adressed in this thesis. 
 
 
 
 
 
Figure 1. Application of thermoresponsive polymer coatings for cell sheet tissue engineering. 
Displayed is a polymer with inverse temperature dependence of the solubility (LCST-
behavior). Image by Guillaume Paumier (CC BY 3.0 licence). 
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Upper and Lower Critical Solution Temperature 
The group of thermoresponsive polymers is divided into polymers that can phase separate 
from solution upon heating and those that can phase separate upon cooling. Above the upper 
critical solution temperature (UCST) and below the lower critical solution temperature 
(LCST) a polymer is miscible with a solvent in all proportions.
[18] 
This definition implies that 
below the UCST and above the LCST there is a miscibility gap over a certain range of 
concentrations in which phase separation occurs. The phase behavior is conveniently 
displayed by isobaric phase diagrams where temperature is plotted versus the polymer 
concentration (Figure 2). 
 
 
Figure 2. Phase diagrams displaying both UCST and LCST. “2” denotes the two phase 
region. left: LCST > UCST; right: loop-shaped miscibility gap with UCST > LCST. 
 
Coming from the one phase region (homogeneous solution) the binodal curve denotes the 
temperature-concentration pairs where phase separation into a polymer rich and polymer poor 
phase sets in. The UCST and LCST are defined as the maximum and minium of the binodal, 
respectively, and can only be found at a distinct critical concentration. At other 
concentrations phase separation occurrs simply at the “phase transition temperature”. At the 
binodal the solvent quality changes from a good to a bad solvent. In response the 
conformation of the polymer chains changes from the open coil state to the collapsed globule 
state.
[19]
 To minimize solvent contact these globuli further aggregate to particles of increasing 
size. The appearance of aggregates is accompanied by an increasing turbidity of the mixture 
which can be followed by recording the transmittance or light scattering of the solution as 
shown in Figure 3. The temperature at which cloudiness appears or disappears is called cloud 
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point. Because of kinetic hindrance and aging in the collapsed state the cloud points upon 
cooling and heating measured by a turbidity photometer do not coincide with the phase 
separation temperature at the binodal. Typically, heating/cooling rates of 1 °C/min are 
employed. The resulting difference between the cloud point upon cooling and heating is 
called hysteresis. 
 
 
Figure 3. Turbidity curve of a polymer with UCST-type phase transition and a large 
hysteresis of about 10 °C. The heating/cooling rate was 1.0 °C/min and the inflection points 
were defined as cloud points. Reprinted with permission from reference [20]. Copyright 
(2012) American Chemical Society. 
 
The thermodynamic reasons for phase separation can be understood on the basis of the 
Legendre transformation of the Gibbs equation (1). 
 
              (1) 
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For simplicity, we assume that the polymer solution separates into pure polymer and pure 
solvent phases. On this assumption, a polymer dissolves in a solvent when the change of the 
Gibbs energy of mixing ∆Gm is negative. In this model the enthalpy of mixing ∆Hm and 
entropy of mixing ∆Sm must both be positive for UCST polymers. At low temperature ∆Hm 
exceeds the T∙∆Sm term, thus ∆Gm is positive and the polymer is insoluble. When the 
temperature exceeds the the phase separation temperature Tp the T∙∆Sm term overweighs 
∆Hm, thus ∆Gm becomes negative and the polymer dissolves. Vice versa, polymers with 
LCST have negative ∆Hm and ∆Sm values and the same logic can be applied to explain phase 
separation upon heating. ∆Hm and ∆Sm are the sum of many different contributions that vary 
with the particular polymer structure. Generally it can be said that  UCST polymers exhibit 
stronger polymer-polymer interactions than LCST polymers. The entropy of mixing that 
originates from the random distribution of chains (combinatorial entropy) is small but always 
positive for polymers. However, this is not the only contribution to the entropy of mixing. 
LCST polymers possess hydrophobic groups which exhibit a strong hydrophobic effect. This 
negative contribution outweighes the combinatorial part. Understanding the hydrophobic 
effect is not straight forward and it should be mentioned here that the classical model of 
ordered hydration shells (clarthrate cages) around hydrophobic moieties is loosing support 
and is likely to be replaced by a new theory.
[21,22]
 A detailed  discussion about the different 
contributions and of their sign and magnitude is part of the review article “Polymers with 
Upper Critical Solution Temperature in Aqueous Solution” (Publication 6). Moreover, this 
review explains phase diagrams of polymer solutions on the basis of the Flory-Huggins-
Staverman (FHS) model. 
 
 
Prior State of Science 
Reviews on water-soluble thermoresponsive polymers are numerous. The reader is referrred 
to an excellent recent review of Aseyev et al.
[23]
 As they have already pointed out there are 
about 60 reviews on “stimuli-responsive polymers” or “thermoresponsive polymers” each 
year (Scifinder scholar, word search, 2005-2010). It is suspicuous, however, that the reviews 
deal almost exclusively with polymers that show a LCST in water (Figure 4) and the few 
examples of UCST polymers are merely a side note, if at all. 2005-2010 about 330 
publications per year were on “LCST” in contrast to only 44 on “UCST” of which just one 
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per year dealt with UCST behavior in water. To the best of my knowledge Figure 5 shows all 
polymers with UCST in water that were known prior to this work. Among them are 
established polymers like poly(ethylene oxide)
[24]
 (PEO, 1), poly(vinyl methyl ether) (PVME, 
2)
[25,26]
, hydrophobically modified poly(vinyl alcohol) (PVA, 3)
[27,28]
 and 
poly(hydroxyethylmethacrylate) (PHEMA, 4)
[29]
. However, these polymers show a UCST 
either below 0 °C or above 100 °C. Also long known were the UCST behavior of some 
polybetaines (5-7)
[30-34]
 and poly(acrylic acid) (PAAc, 8)
[35,36]
. It is important to note that due 
to the ionic nature of these polymers their UCST behavior is heavily affected by the addition 
of electrolytes. Polybetaines only display a UCST at very low ionic strength while PAAc 
only at very high ionic strength. The nonionic polymers 9-13 are considerably less sensitive 
to the ionic strength of the solution and, therefore, were most promising for a broad 
application. However, information about their basic properties was scarce in the publications 
of Aoki et al.
[37,38]
 and patents of Ohnishi et al.
[39,40]
 For an in depth literature review the 
reader is referred to Publication 6. 
 
 
Figure 4. Collection of nonionic polymers showing a lower critical solution temperature 
(LCST) in water. Copolymers are not included. The most prominent example poly(N-
isopropylacrylamide) (PNiPAAm) is displayed in the center. 
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Figure 5. Polymers with UCST in water that were known prior to this work. Copolymers are 
not included except when copolymerization was necessary to observe UCST behavior. 
 
 
Motivation 
The motivation of this work was to investigate why the few examples of polymers with 
UCST in water got no attention of the scientific community and to develop reliable synthetic 
strategies for the synthesis of new UCST polymers. Furthermore, structure property 
relationships concerning important features of the phase transition like the sharpness, 
hysteresis or reversibility should be evaluated. 
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Outline and Concept of the Thesis 
In a patent of Ohnishi et al. a copolymer of N-acryloylglycinamide (NAGA) and N-
acetylacrylamide (NAcAAm) was shown to exhibit a UCST-type cloud point in water. On 
this basis a series of these copolymers was synthesized with the intention to study their UCST 
behavior. During the study it turned out that the homopolymer poly(NAGA) alone showed a 
UCST-type phase transition which had not been reported previously. Both the UCST 
behavior of the homopolymer as well as of the copolymers were investigated (Publication 1). 
The subsequent work dealt with the question why this key feature remained unpublished 
although poly(NAGA) is known since 1964. It was found that traces of ionic groups 
drastically decrease the cloud point until complete water-solubility. In order to ensure a 
reproducible preparation of thermoresponsive aqueous solutions in the future the different 
possibilities for unintentional introduction of ionic groups had to be investigated. Studies 
focused on monomer purity, ionic initiators, ionic chain transfer agents and hydrolysis of the 
amide groups in the side chains (Publication 2). Furthermore, it was intended to gather basic 
information about the phase separation mechanism. Theory predicted that a UCST-type phase 
transition should be accompanied by an endothermic heat of transition upon heating. After 
failed attempts with conventional differential scanning calorimetry the expectation could be 
confirmed by ultrasensitive differential scanning calorimetry. For getting insight into the 
phase separation mechanism on the molecular scale dynamic and static light experiments 
were conducted in cooperation with Prof. Klaus Huber in Paderborn (Publication 2). 
During optimization of the monomer synthesis high purity monomer could be received. Since 
the crystal structure was unknown and the hydrogen bonding pattern in the crystal may help 
to understand intra- and intermolecular hydrogen bonding in the polymers x-ray 
crystallography was performed in cooperation with Dr. Klaus Harms (Publication 3). 
For tailored applications it is desirable that the phase transition temperature can be tuned 
freely over a wide range of temperatures. In analogy to LCST polymers it was tried to 
influence the phase transition temperature by changing the hydrophilic-lipophilic balance by 
copolymerization. A controlled increase of the phase transition temperature could be 
achieved. Simultaneously it became clear that the choice of comonomer has crucial influence 
on the sharpness of transition and chemical stability in aqueous solution (Publication 4). 
Knowledge from this work paired with knowledge gained during previous works allowed 
setting up rules which requirements have to be fulfilled in order to observe a UCST in water. 
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This hypothesis was confirmed by showing that actually very old polymer systems like 
poly(acrylamide-co-acrylonitrile) show a freely tunable UCST in water if polymerized under 
appropriate conditions (Publication 4). 
The driving force behind the synthesis of thermoresponsive polymers is the design of so 
called “smart” materials. Many of these applications require attachment of the 
thermoresponsive polymer to surfaces. This way one can, for instance, trigger a drastic 
change of the wetting properties or properties as diffusion barrier for drugs by just small 
changes of temperature. Covalent binding of polymers onto surfaces can be done by either 
grafting from or onto the surface. Grafting from the surface can be achieved by controlled 
radical polymerization methods. For grafting onto approaches these methods are also suitable 
as they provide precise control of the polymer endgroups which are necessary for “grafting 
onto reactions”. To lay the basis for future grafting reactions a controlled radical 
polymerization procedure was developed using the RAFT process. Although RAFT 
polymerization of NAGA had been achieved previously by Lutz et al. the conditions had to 
be revised in order to receive a polymer that shows a UCST in water (Publication 5). 
Finally, all knowledge obtained during literature research and this PhD thesis was condensed 
into a review article. From the sum of available data a simple qualitative approach for the 
tuning of the phase transition temperature could be developed based on the sign and relative 
magnitude of enthalpic and entropic contributions to the Gibbs energy of mixing. This 
approach may help to develop new UCST polymers. Furthermore, other apparent structure 
property relationships concerning important features of the phase transition like the 
sharpness, hysteresis or reversibility were discussed in detail (Publication 6). 
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Synthesis of 1-(acryloyl)imino-N,N-dimethyl ethanamine  
A 250 mL roundbottom flask equipped with condenser was charged with acrylamide 
(16.59 g, 233 mmol, 1.00 eq), N,N-dimethylacetamide dimethylacetal (42.75 g, 289 mmol, 
1.24 eq) and THF (100 mL). It was a slightly turbid and brown solution. The mixture was 
stirred at 65 °C for 3 h. The solvent was removed by rotary evaporation at 40 °C. The residue 
was subjected to vacuum distillation to obtain 22.00 g (67%) of a slightly yellow liquid. The 
product was used for the next step without further purification. 
1
H NMR (300 MHz, CHCl3): δ = 2.10-2.20 (m, 3H, N=C(CH3)-N), 2.95-3.05 (m, 6H, 
N(CH3)2), 5.50-5.60 (m, 1H, Holef.), 6.10-6.30 (m, 2H, Holef.). 
 
Synthesis of N-acetyl acrylamide (NAcAAm)  
A 250 mL roundbottom flask was charged with hydrochlorid acid 2N (110 mL), 
1-(Acryloyl)imino-N,N-dimethyl ethanamine (22 g, 157 mmol, 1.00 eq) and acetic acid 
(22 mL, 384 mmol, 2.45 eq). The solution was stirred for 6 h at RT. Thereafter, 55 mL water 
and 110 mL ethyl acetate were added. The organic phase was washed with saturated aqueous 
sodium hydrogencarbonate solution until it became neutral (3 x 50 mL). The aqueous phases 
were combined and extracted with ethyl acetate (2 x 100 mL). The new organic phase was 
washed with sodium hydrogencarbonate solution until it became neutral (3 x 100 mL), 
combined with the first organic phase and then dried over magnesium sulfate. The solvent 
was removed by rotary evaporation and it was recrystallized from ethyl acetate to yield 6.60 g 
(37%) of colorless crystals. 
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DSC (rate of heating  = 10 K/min): Tm = 109 °C (lit.
[16]
 Tm = 100.5 °C). IR (ATR): 3 266 (m, 
NH), 3 172 (m, NH), 3 007 (w), 1 726 (s, C=O), 1 628 (m), 1 504 cm
−1
 (vs, NH). 
1
H NMR 
(300 MHz, CHCl3): δ = 2.23 (s, 3H, -NH-CO-CH3), 5.97 (dd, J(doublet 1) =  2.1 Hz, 
J(doublet 2) =  9.3 Hz, 1H, Holef.), 6.36 (dd, J(doublet 1) =  9.3 Hz, J(doublet 2) = 17.1 Hz, 
1H, Holef.), 6.44 (dd, J(doublet 1) =  2.1 Hz, J(doublet 2) = 17.1 Hz, 1H, Holef.). 
13
C NMR (75 
MHz, D2O): δ = 24.9 (-CO-CH3), 130.2 (Colef.), 132.6 (Colef.), 167.5 (-CO-), 175.2 (-CO-). 
 
Structural characterization of poly(N-acryloyl glycinamide) 
The structural characterization of homopolymer of N-acryloyl glycinamide (PNAGA) was 
carried out using NMR spectroscopic techniques. 2D NMR techniques like HMQC 
(Heteronuclear Multiple Quantum Coherence) and HMBC (Heteronuclear Multiple Bond 
Coherence) were used for the correct peak assignments in 
 1
H and 
13
C NMR spectra. Carbon 
signal 1 shows 
2
J- and 
3
J-coupling to the polymer backbone protons in the HMBC spectrum 
(Figure S1) and therefore can be assigned to the secondary amide group. Hence, carbon 
signal 2 must be the primary amide group further from the backbone. The backbone proton 
signals b (δ = 2.0-2.3, peak integral = 1) and c (δ = 1.3-1.7, peak integral = 2) can be clearly 
distinguished by their chemical shift and peak integrals. With all proton signals assigned the 
location of the carbons 3, 4 and 5 could be determined with the help of the HMQC spectrum 
(Figure S2). 
 
Figure S1. 
1
H
13
C HMBC spectrum of poly(N-acryloyl glycinamide) in D2O at 70 °C. 
ppm
1.41.61.82.02.22.42.62.83.03.23.43.63.84.0 ppm
173
174
175
176
177
178
179
180
2JC1Hb
3JC1Hc
a b c
1
2
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Figure S2. 
1
H
13
C HMQC spectrum of poly(N-acryloyl glycinamide) in D2O at 70 °C. 
 
Molecular weight determination by gel permeation chromatography (GPC) 
The molecular weight determination by GPC was not trivial since the polymers are insoluble 
in most common GPC solvents like chloroform, tetrahydrofurane, chlorobenzene or 
hexafluoroisopropanol. DMF is a solvent for copolymers with a NAGA content of 54 mol-% 
or below. Copolymers with higher NAGA contents were only soluble in water at 
temperatures higher than UCST. Although soluble in the eluent (0.3M formic acid) with 
decreasing NAGA content the refractometer signal drecreased in intensity until the setup was 
unsuitable for the molecular weight determination. Probably, the refractive index of the 
polymer solution comes closer to the refractive index of the eluent causing weaker detector 
signals. 
We do not claim accurracy in respect to absolute values of molecular weights. The polymers 
used for calibration of both GPC setups are certainly very different from the polymers we 
studied. Especially in case of polymers that are able to form aggregates GPC results should 
be treated with care. The molecular weights measured in DMF are not comparable to the 
molecular weights measured in acid solution. However, GPC can determine the relative 
molecular weight of a number of samples measured in the same experimental setup. All 
copolymers that showed UCST behavior could be measured using the same experimental 
ppm
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setup (acid solution). The molecular weights of all those polymers were in the range from 
10700 to 13200 g/mol so differences in molecular weight could not have had a significant 
influence on the UCST or the sharpness of the transition. 
 
Determination of the copolymerization parameters by the method of Kelen and Tüdös 
The copolymerization parameters were determined by the method of Kelen and Tüdös.
[1]
 The 
copolymerization equation plotted from the copolymerization parameters is in good 
agreement with the experimental data (Figure S3). The ξ-η-plot and linear fit is shown in 
figure S4. The error of the linear fit (                           ) was used to 
estimate the error of the calculated copolymerization parameters. 
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Figure S3. Determination of the copolymerization parameters by the method of Kelen-Tüdös.  
Bended line = plot of the copolymerization equation derived from calculated 
copolymerization parameters, straight line = ideal copolymerization. 
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Figure S4. Determination of the copolymerization parameters by the method of Kelen-
Tüdös.
[1] The graph shows the ξ-η-plot and linear fit. 
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Experimental Section 
 
Materials 
Azobisisobutyronitrile (Fluka) was recrystallized from ethanol. Acryloyl chloride (96%, 
Fluka), glycinamide hydrochloride (98%, Acros), acrylic acid (99%, Aldrich) and 2,2´-
Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, Wako) were used as 
received. 3-(((benzylthio)carbonothioyl)thio)propane-1-sulfonate (BCPS) and 
dibenzyltrithiocarbonate (DBTC) were synthesized according to the literature.
1,2
 Solvents 
were distilled prior to use. Ultra pure water was obtained from a TKA Micro UV system 
model 08.1005 (conductivity = 0.06 µS/cm, filtered through 200 nm filter, UV treated). 
Phosphate buffered saline was prepared using precalibrated tablets (Aldrich). Human blood 
serum was freshly obtained from the author (Seuring, male) and used within 8 h. 
 
Analytical techniques  
1
H and 
13
C NMR spectra were either recorded on a Bruker Avance DRX-500 (500 MHz) or 
a Bruker Avance 300 A (300 MHz) spectrometer, with D2O used as solvent. A trace of 
methanol was added as a standard for 
13
C NMR measurements and it was calibrated to 49.50 
ppm. 
Conventional differential scanning calorimetry was performed on a Mettler thermal 
analyzer having a821 DSC module. Indium and zinc standards were used for temperature and 
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enthalpy calibration of the 821 DSC module. Differential scanning calorimetric (DSC) scans 
were recorded in nitrogen atmosphere (flow rate = 80 mL/min) at a heating rate of 10 °C/min. 
The melting temperatures (Tm) were determined from the endothermic peak maximum of the 
first heating cycle. 
Ultrasensitive differential scanning calorimetry was performed on a TA Instruments Nano 
DSC that uses a fixed-in-place platinum capillary with a volume of 300 µL. 30 mg of the dry 
polymer were dissolved in 2970 mg of pure water at 70 °C and sonicated for 1 h in 10 mL 
glass vial (hydrolytic class III) to obtain a 1 wt% aqueous solution. All samples were 
equilibrated at 50 °C for 10 min prior to measurements. In the first scan the sample was 
cooled at a constant rate to 0 °C. At 0 °C the temperature was held for 10 min followed by the 
heating back to 50 °C at the same rate as the cooling scan. Peak integration was performed 
using NanoAnalyze 2.1.13 software with a sigmoidal baseline fit. 
 Turbidity Measurements were performed on a custom-modified Tepper turbidity 
photometer TP1-D at a wavelength of 670 nm, a cell path length of 10 mm and magnetic 
stirring. The polymer solutions (above UCST) were filtered through a warm 1.2 µm PET 
syringe filter before measurement. Unless stated otherwise the heating program started at 
50 °C from where it was cooled to 3.5 °C at a constant cooling rate of 1.0 °C/min followed by 
heating back to 50 °C at the same rate. The inflection point of the transmittance curve was 
considered as cloud point. It was graphically determined by the maximum of the first 
derivative of the heating or cooling curve, respectively. In the stated temperature range the 
repeatability and reproducibility of the cloud point determination of a 1.0 wt% poly(NAGA) 
solution in pure water was very good. The repeatability was sd(9 consecutive runs) = ±0.1 °C 
and the reproducibility sd(4 samples) = ±0.2 °C for both heating and cooling. Sample 
preparation included four samples from two different polymer batches (two samples each), 
weighing the polymers into 2 mL polypropylene tubes, dilution with water in order to obtain 
a polymer content of 1.0 wt%, dissolution at 70 °C (inside the tube) for 60 min with 
sonication and filtration through a 1.2 µm PET-filter into the cuvette. 
The potassium content was determined by flame atomic absorption spectroscopy on a 
Perkin-Elmer 5000 system. 
Capillar electrophoresis was performed on an ATI Unicam Crystal CE system model 310 
equipped with a UV-absorbance detector TSP Spectra 100. The detection wavelength was set 
to 210 nm. A fused-silica capillary (TSP050375, 50 µm id, 360 µm od) was obtained from 
Polymicro Technologies, Phoenix, AZ, USA. The new capillary was conditioned by rinsing it 
first with NaOH solution (0.2 mol/L) for 60 min, water for 15 min, and phosphate buffer (10 
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mmol/L) as separation electrolyte for 15 min. Between runs the capillary was rinsed with 
separation electrolyte for 5 min. The total length of the capillary was 70 cm and the length to 
the detector 55 cm. N-acryloyl glycinamide samples were dissolved in diluted phosphate 
buffer (1 mmol/L) in order to exploit the so called “stacking effect” for a lower detection 
threshold. Pure acrylic acid and poly(N-acryloyl glycinamide) were dissolved in the undiluted 
separation electrolyte at concentrations of 1.2 g/L and 1 g/L, respectively. To determine 
whether poly(N-acryloyl glycinamide) contains charged groups the migration time was 
compared to the migration time of thiourea as nonionic internal standard. 
The slow aggregation of a 1.0 wt% poly(NAGA) solution at 18.5 °C was followed by 
dynamic light scattering on a Beckman Coulter DelsaNano C particle analyzer at a scattering 
angle of 165°. The cuvette was rinsed with filtered water (200 nm pore size) and the warm 
and clear sample was filtered through a warm 1.2 µm PET syringe filter into the cuvette.  The 
autocorrelation function was averaged over 70 runs of 3 seconds each (about 3 min total). 
Prior to each measurement the optimal measuring position inside sample cuvette was 
determined. Consequently, highly turbid samples were probed close to the cuvette wall in 
order to avoid multiple scattering. The average hydrodynamic diameter of aggregates was 
calculated by the CONTIN method using the software DelsaNano 3.73. 
The temperature dependent behavior of a dilute (0.01 wt%) aqueous solution of 
poly(NAGA) was performed with a model 5000e compact goniometer system (ALV-Laser 
Vertriebsgesellschaft, Germany), which allows the simultaneous recording of static and 
dynamic light scattering. A Nd:YAG laser (Soliton, Germany) with 300 mW, operating at a 
wavelength of 532 nm was used as the light source. Cylindrical quartz glass cuvettes with an 
outer diameter of 20 mm (Hellma, Germany) served as scattering cells. A C25 Haake 
thermostat was used to set the temperature with a precision of 0.01 °C. The scattering 
intensity was observed under 13 different scattering angles θ in a range of 30°  θ  150°. 
This corresponds to a q regime of 0.0081 nm
-1
   q  0.0304 nm
-1
. All samples were filtered 
with a 1.2 μm PET syringe filter (Macherey-Nagel, Germany) prior to the experiment. 
For sonication a heated Bandelin Sonorex RK 102 H ultrasound device (HF power = 120 
Weff, HF peak performance = 480 W, HF frequency = 35 kHz) was used. 
 
Preparation of a solution of poly(NAGA) in human blood serum 
Human blood serum contains about 7 wt% of proteins which would denaturize during the 
harsh conditions needed for dissolution of poly(NAGA). To avoid this poly(NAGA) was 
Publication 2, Supp. Inf. 
48 
separately dissolved in pure water (c = 1 wt%, 70 °C inside the tube, sonication for 60 min). 
After dissolution 200 µL of the polymer solution were diluted with 1800 µL of blood serum 
to obtain a 0.1 wt% solution of poly(NAGA) in 90 vol% human blood serum. 
 
 
Syntheses 
 
Synthesis of N-acryloyl glycinamide (N-(carbamoylmethyl)prop-2-enamide according to 
IUPAC nomenclature) 
N-acryloyl glycinamide has been prepared according to the route of Haas and Schuler.
3
 
However, relevant modifications have been made concerning reagent ratios, workup and 
purification. 
In a 1 L three-necked round-bottom flask equipped with mechanical stirrer glycinamide 
hydrochloride (23.11 g, 209 mmol) and potassium carbonate (56.7 g, 410 mmol) were 
dissolved in 125 mL of water. The solution was cooled in an ice bath and acryloyl chloride 
(16.65 mL, 205 mmol) dissolved in 250 mL of diethylether was added dropwise over 30 min 
with fast stirring (300 rpm). The suspension was further stirred at RT for 2 h. The 
diethylether was removed by rotary evaporation at 35 °C. The remaining aqueous phase was 
lyophilized. The crude brittle solid was extracted with acetone (6 times, 500 mL acetone, 40 
°C, stirring for at least 15 min). Insoluble potassium salts were filtered off and the acetone 
was removed by rotary evaporation at 35 °C. 22.7 g (85%) of crude product were obtained. 
The crude product was dissolved in an eluent mixture of methanol and dichloromethane (v/v 
= 1/4, 600 mL) by heating to reflux once. The solution was filtered to remove polymeric 
impurities and purified by column chromatography (d = 9 cm, 900 g silica, porosity 60 
Angström, 0.063-0.2 mm mesh size, TLC: Rf(N-acryloyl glycinamide) = 0.40; Rf(potassium 
acrylate) = 0.05 (not detected on TLC plate)) to obtain 21.3 g (80%) of product which were 
recrystallized from 240 mL of a mixture of methanol and acetone (v/v = 1/2) to yield 15.7 g 
(57%) and 4.4 g (75% total yield) second crop. 
DSC (rate of heating = 10 K·min
-1
): Tm = 143 °C. IR (ATR): ν = 3 380 (m, NH), 3 312 (s, 
NH), 3 187 (m, NH), 1 652 (vs, C=O), 1 621 (vs, C=O), 1 551 (vs, NH) cm
-1
. 
1
H NMR (300 
MHz, D2O): δ = 3.93 (s, 2H, N–CH2–CONH2), 5.77 [dd, J(doublet 1) = 2.0 Hz, J(doublet 2) = 
9.5 Hz, 1H, Holef.], 6.20 [dd, J(doublet 1) = 2.0 Hz, J(doublet 2) = 17.1 Hz, 1H, Holef.], 6.29 
[dd, J(doublet 1) = 9.5 Hz, J(doublet 2) = 17.2 Hz, 1H, Holef.]. 
13
C NMR (75 MHz, D2O): δ = 
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42.7 (-N-CH2–), 128.8 (Colef.), 130.0 (Colef.), 169.6 (-CO-), 174.8 (-CO-). Flame emission 
spectroscopy: potassium content = 4.6 ppm. LC-MS for C5H8N2O2 MS M
+
 Calcd: 129.0585, 
found: 129.0659. 
Further recrystallization of NAGA from isopropanol led to uniform crystals that are suitable 
for x-ray analysis. The crystal structure was recently published by us.
4
 
 
General procedure for the purification and isolation of polymers 
The reaction mixture was quickly cooled to room temperature in an ice bath and the 
polymer was precipitated in 10 fold excess volume of methanol. It was centrifuged (10 min, 
8000 rpm) and after decantation the sediment was thoroughly slurried with methanol using a 
glass rod. The centrifugation-wash cycles were repeated three times. Subsequently the 
polymer was dried in the vacuum oven at 70 °C for 24 h. The brittle pellet was grinded to a 
powder using a glass rod and further dried for another 24 h to obtain a powdery polymer. 
For some copolymers that precipitated in more compact particles, e.g. poly(acrylamide-co-
acrylonitrile), other isolation techniques like filtration may be more convenient but for 
comparibility reasons it was considered better to use the same work-up procedure for all 
polymers in this study. 
 
Synthesis of homopolymer poly(N-acryloyl glycinamide) with potassium peroxodisulfate 
as initiator 
This polymer was synthesized in a mixture of water and isopropanol at 50 °C with 
potassium peroxodisulfate as initiator according to Marstokk et al.
4
 Modifications have been 
made in order to minimize polymer hydrolysis. It was polymerized for 3 h instead of 16 h. 
After three hours the yield was already 84%. 
 
Endgroup functionalization by using chain transfer agents 
In a 25 mL nitrogen NAGA (500 mg, 3.9 mmol, 500 eq) was dissolved in 8.8 mL of 
DMSO. From a stock solution 1 eq of chain transfer agent dissolved in 100 µL DMSO was 
added. The solution was degassed by three freeze-pump-thaw-cycles. 100 µL of a separately 
degassed DMSO solution containing 0.3 eq of initiator were added and the flask was placed 
into an oil bath which was preheated to 60 °C. It was polymerized for 16 h. The endgroups 
were analyzed by 
1
H NMR spectroscopy. Yields: RAFT_1 (78%), RAFT_2 (90%), RAFT_3 
(76%). 
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Further Discussion and Supporting Material 
 
 
Effect of the heating rate on the turbidity curve of poly(NAGA) 
Figure S1 illustrates that the cloud point upon cooling increases at lower cooling rates and 
approaches the UCST. The cloud point upon heating also increases due to prolonged aging 
below the UCST. 
 
Figure S1. Influence of the heating rate on the turbidity curve of a 1 wt% solution of 
poly(NAGA) in pure water. 
 
Suppression of the UCST by ionic groups in the polymer 
Figure S2 illustrates the influence of the carboxyl content in poly(NAGA) on the cloud 
point in pure water. 
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Figure S2. Cloud points upon cooling of poly(NAGA)s with different contents of acrylic acid 
units in the polymer backbone. 
 
Endgroup detection by high temperature 
1
H NMR spectroscopy 
Endgroup functionalization of the samples RAFT_1, RAFT_2 and RAFT_3 was achieved 
by the use of different chain transfer agents. The average degree of polymerization (Pn) was 
estimated from the integral ratio of the phenylic protons (a) compared to the methylene 
protons adjacent to the nitrogen (b) (Figure S3, Figure S4, Figure S5). It was calculated to be 
189, 160 and 118 for RAFT_1. RAFT_2 and RAFT_3, respectively. Some of the alpha-
chainends were functionalized by the initiator. Since the initiator signals overlap with 
polymer signals it was not possible to estimate the amount of initiator derived chain ends. 
Hence, the real Pn will be slightly lower than calculated. However, for the conclusions drawn 
it is sufficient to know that the Pn is in the range of 100 to 200. 
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Figure S3. 500 MHz 
1
H NMR spectrum of poly(N-acryloyl glycinamide) synthesized by the 
RAFT process using 3-(((benzylthio)carbonothioyl)thio)propane-1-sulfonate as chain transfer 
agent and the nonionic initiator AIBN. The spectrum was recorded in D2O at 70 °C. 
 
 
Figure S4. 500 MHz 
1
H NMR spectrum of poly(N-acryloyl glycinamide) synthesized by the 
RAFT process using dibenzyltrithiocarbonate as chain transfer agent and the ionic initiator 
VA-044. The spectrum was recorded in D2O at 70 °C. 
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Figure S5. 500 MHz 
1
H NMR spectrum of poly(N-acryloyl glycinamide) synthesized by the 
RAFT process using dibenzyltrithiocarbonate as chain transfer agent and the nonionic 
initiator AIBN. The spectrum was recorded in D2O at 70 °C. 
 
Reversibility of UCST transition as determined by ultrasensitive differential scanning 
calorimetry 
With exception of the runs four to six the ΔH-values calculated from the cooling and 
heating curves are identical, indicating that the transition is fully reversible (Table S1). The 
discrepancy of run four to six is likely due to the high heating rate which makes it difficult to 
apply an appropriate baseline. Over nine consecutive DSC runs there is no significant 
decrease in ΔH-values. This is another indication for a good reversibility of the UCST 
transition. The peak maxima remain constant over the runs 1, 2, 3, 7, 8, and 9. Hysteresis is 
about 8 °C for theses runs. The fact that the peak maxima of run 4 to 6 show a small shift in 
Tmax-values resulting in a bigger hysteresis of about 11 °C is also due to the higher heating 
rate which prevents the system from reaching the equilibrium in time. 
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Table S1. Differential scanning microcalorimetry of a 1 wt% solution of poly(NAGA) in 
pure water. For calculations of the ΔH-values in this table the baseline was drawn in the same 
manner in order to detect whether there is a trend in ΔH over a number of runs. 
Run Heating rate 
/ K·min
-1
 
  UCST 
Cooling Heating 
Tmax / °C ΔH / J·g
-1
 Tmax / °C ΔH / J·g
-1
 
1 1.0 9.5 -0.94 17.3 +0.8 
2 1.0 9.4 -0.89 17.5 +0.9 
3 1.0 9.2 -0.85 17.3 +0.9 
4 2.0 8.4 -0.95 18.8 +0.4 
5 2.0 8.2 -0.83 20.6 +0.4 
6 2.0 8.4 -0.74 19.3 +0.3 
7 0.5 9.7 -0.84 17.9 +0.9 
8 0.5 9.5 -0.89 17.8 +1.1 
9 0.5 9.5 -0.84 17.7 +1.1 
 
 
 
Supporting information for static and dynamic light scattering 
The radii gyration and relative mass values, recorded at variable temperatures have been 
calculated from the Guinier-plot (Figure S6) using the approximate equations (S2 and S3).
6
 In 
the equations (S2) and (S3), K is a constant which accounts for the scattering contrast, c is the 
polymer concentration in g/L, R is the scattering intensity of the dissolved polymers 
expressed as the Rayleigh ratios, M is the weight averaged molecular weight of the polymeric 
particles Rg
2
 is the z-averaged squared radius of gyration of the polymeric particles and A2 is 
the second virial coefficient, which had to be neglected in the present case as the system 
varies with concentration and an extrapolation to c = 0 thus turns out to be impossible. As 
only relative molecular weights were discussed a specification of the contrast factor K was 
not necessary. In the temperature range between 40 and 11 °C the static light scattering 
represented by means of a Guinier-plot showed two well separated slopes, each revealing a 
radius of gyration. The two separable values correspond to two different species, well 
separated in size. The fraction with the smaller size may be attributed to single coils and the 
fraction with the larger size to aggregates formed by these coils. At 9.5 °C the two slopes 
converge and finally merge at 8 °C. 
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Figure S6. Guinier-plot
6
 derived from static light scattering at different temperatures. A 
linear fit to the angular dependence reveals the radius of gyration (from slope) and the 
relative mass (from intercept with the y-axis). 
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To shed further light on this process and its participating species, we performed an inverse 
Laplace Transformation of the normalized electric field correlation function (S4) from 
dynamic light scattering at a scattering angle of 30°, where the signal to noise ratio is 
expected to be good enough. Equation S4 represents the electric field autocorrelation function 
as superposition of components i – represented as a sum. 
 
  
i
ii tqtg )exp(),(1   (S4) 
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The transformation was based on the CONTIN routine
7
 representing the inverse relaxation 
times Γ of the contributing species and their intensity contributions. The average value of  
for a certain mode with a width of species m < j < n was calculated using equation S5. 
 
 


n
mj
jj tqt )exp(),(   (S5) 
 
For the calculation of the intensity contribution of each mode equation S6 has been employed 
 
 

 
n
mj
jNfqR )(  (S6) 
 
with fN being a normalization factor fixed to yield a value that represents the overall 
distribution (S7). 
 
 
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A. Spectroscopic data 
 
A.1. NMR spectroscopy of poly(BA-co-NAGA) 
 
Figure S1. 500 MHz 
1
H NMR spectrum of poly(BA-co-NAGA) with an butyl acrylate 
content of 21.2 mol% recorded in D2O at 80 °C. 
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1
H-NMR (500 MHz, D2O, T = 80 °C, the residual solvent peak was calibrated to δ = 4.20) 
δ = 0.82 (-CH3), 1.26 (-CH2-CH3), 1.3-1.9 (polymer backbone, -CH2-; O-CH2-CH2-), 1.9-2.4 
(polymer backbone, -CH-), 3.6-4.05 (NH-CH2-CONH2; O-CH2-). 
 
The butyl acrylate content in the polymers was calculated by comparing the integral of the 
methyl group f of butyl acrylate at 0.82 ppm to the integral of the methylene groups a and b 
that are adjacent to heteroatoms at 3.6-4.1 ppm (Figure S1). 
 
A.2. NMR spectroscopy of poly(NAGA-co-St) in D2O 
 
Figure S2. 500 MHz 
1
H NMR spectrum of poly(NAGA-co-St) with an styrene content of 
10.2 mol% recorded in D2O at 80 °C. 
 
1
H-NMR (500 MHz, D2O, T = 80 °C, the residual solvent peak was calibrated to δ = 4.20) 
δ = 1.1-1.9 (polymer backbone, -CH2-), 1.9-2.6 (polymer backbone, -CH-), 3.33-4.1 (NH-
CH2-CONH2), 6.7-7.5 (phenylic protons, -C6H5). 
 
The styrene content in the polymers was calculated by comparing the integral of the aromatic 
protons a of styrene at 6.7-7.5 ppm to the integral of the methylene group b that is adjacent to 
nitrogen at 3.33-4.1 ppm (Figure S2). 
 
 
 
Publication 4, Supp. Inf. 
79 
A.3. NMR spectroscopy of poly(NAGA-co-St) in DMSO-d6 
 
Figure S3. 500 MHz 
1
H NMR spectrum of poly(NAGA-co-St) with an styrene content of 
26.8 mol% recorded in DMSO-d6 at 100 °C. 
 
1
H-NMR (500 MHz, DMSO-d6, T = 100 °C, the residual solvent peak was calibrated to δ = 
2.50) δ = 1.0-1.9 (polymer backbone, -CH2-), 1.8-2.5 (polymer backbone, -CH-), 3.1-4.2 
(NH-CH2-CONH2), 6.6-7.4 (phenylic protons, -C6H5), 7.1-8.4 (NH, NH2). 
 
The styrene content in the polymers was calculated by comparing the integral of the 
methylene group b that is adjacent to nitrogen at 3.1-4.2 ppm to the sum of the backbone 
protons d and e at 1.0 to 2.5 ppm (Figure S3). 
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A.4. NMR spectroscopy of poly(AAm-co-AN) 
 
Figure S4. 500 MHz 
1
H NMR spectrum of poly(AAm-co-AN) with an acrylonitrile content 
of 7.6±1.3 mol%  recorded in DMSO-d6 at 100 °C. 
 
1
H-NMR (500 MHz, DMSO-d6, T = 100 °C, the solvent signal was calibrated to 2.50 ppm) 
δ = 1.2-2.0 (polymer backbone, -CH2-), 2.0-2.7 (polymer backbone, -CH-CONH2), 2.3-3.1 
(polymer backbone, -CH-CN), 6.7 (-NH2). 
 
A.5. IR-spectroscopic determination of the copolymer composition of poly(AAm-co-
AN)s 
Due to overlapping signals and partial deuterium exchange of the NH-protons the 
1
H NMR 
spectrum could not be used to calculate the polymer composition. Instead, the integral ratios 
of the infrared vibrational bands of the carbonyl and nitrile group were determined (Figure 
S5). IR spectroscopy was performed on a Digilab Excalibur Series FTS 3000 spectrometer by 
the attenuated total reflection technique employing a ZnSe crystal. The spectra were analyzed 
using the software Win-IR Pro 3.3. For determination of the copolymer compositions of 
poly(AAm-co-AN)s a calibration curve was recorded (Figure S6). Standards were thoroughly 
mixed using very fine powders of polyacrylamide and polyacrylonitrile homopolymers. Both 
samples and calibration standards were measured nine times with 32 scans per measurement. 
The error bars display the standard deviation of the determined peak ratios. 
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Figure S5. Infrared spectrum of poly(AAm-co-AN) with a acrylonitrile content of 19.7±1.3 
mol%. 
 
 
 
Figure S6. Calibration curve used for the determination of the copolymer compositions of 
poly(AAm-co-AN)s. 
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B. Further Results and Discussion 
 
B.1. Relative molecular weight determination by GPC 
Molecular weight determination of the polymers that form intermolecular hydrogen bonds is 
not trivial due to their strong tendency to aggregate. For poly(NAGA) it is particularly 
difficult because only water above the phase transition temperature and dimethyl sulfoxide 
are known to be suitable solvents and even in those there is always a fraction of aggregated 
polymer.
1,2
 Molecular dispersion has been achieved in 2 M aqueous sodium thiocyanate 
solution but GPC does not tolerate such a high concentration of salt. It was possible to obtain 
aggregate free molecular weight distributions (MWDs) in 0.3 M aqueous formic acid 
solution.
3
 Under these acidic conditions, however, poly(acrylamide)s could partially 
hydrolyze. In order to analyze copolymers of poly(NAGA) with increased hydrophobicity 
dimethylsulfoxide was considered the best eluent of the available options. The poly(NAGA) 
homopolymer and copolymers with BA showed very broad MWDs (Figure S7). 
 
Figure S7. GPC of poly(NAGA) and poly(BA-co-NAGA) in pure DMSO or 0.1 M KSCN 
solution. 
 
When poly(NAGA) was measured in DMSO containing 0.1 M potassium thiocyanate with 30 
min sonication at 60 °C prior to measurement the high molecular weight fraction disappeared 
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and the polydispersity and shape of the MWD became as expected for a free radical 
polymerization (Mn = 34700, PDI = 2.0). Hence, it is likely that the broad MWD in pure 
DMSO is a superposition of a MWD of aggregates and a single chain MWD. Only by the 
combination of potassium thiocyanate additive and sonication it was possible to break the 
aggregates. The same method could not break the aggregates in the case of copolymers with 
BA. Prolonged heating prior to measurement, using lithium bromide as additive or taking the 
samples directly from the reaction mixture without workup had no or adverse effect. At least 
it is possible to conclude that the Mn-values of poly(NAGA-co-BA)s are greater than 10 kDa. 
Interestingly, poly(NAGA-co-styrene)s and poly(AAm-co-AN)s showed aggregate free, 
unimodal distributions (Figure S8). The number average molecular weights were all in the 
range of 15 to 50 kDa. This further supports the conclusion that the signal observed after 
sonication of the poly(NAGA) homopolymer in 0.1 M KSCN solution originates from single 
chains. The molecular weights observed are typical for solution polymerization of 
polyacrylamides in DMSO.
4
 The MWs obtained from polymerization in DMSO are lower 
than in water because the kpk0
0.5 
ratio of acrylamide polymerization is 12 times lower in 
DMSO. It is also worth mentioning that poly(NAGA) needs several hours to dissolve in 
DMSO whereas poly(NAGA-co-styrene)s and poly(AAm-co-AN)s need only 5-30 min. 
 
 
Figure S8. Representative GPC curves of poly(AAm-co-AN) and poly(NAGA-co-St) in pure 
DMSO as eluent. 
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Summary 
In this work polymers with upper critical solution temperature (UCST) in water have been 
synthesized and characterized. The task was to answer the question why polymers with 
UCST in water were largely underrepresented in basic and applied research and to develop a 
universal approach for the synthesis of new polymers with UCST. 
Drawing on the example of poly(N-acryloylglycinamide) (poly(NAGA)), a polymer that is 
well known since 1964,  it was shown that traces of ionic groups drastically decrease the 
UCST. In the past ionic groups have been introduced unintentionally by either acrylate 
impurities in the monomer, hydrolysis of the polymer side chains and/or usage of ionic 
initiators or chain transfer agents giving a feasible explanation why the UCST of 
poly(NAGA) remained unreported until 2010 as a part of this work. The synthesis of NAGA 
was modified in order to yield acrylate free monomer and the crystal structure was 
determined. A detailed analysis of the UCST suppressing effects of ionic groups followed. 
Only 1 ionic group in 1000 repeating units of the polymer is sufficient to completely suppress 
the UCST behavior. Therefore, conventional analytic methods like NMR, IR, elemental 
analysis, thin layer chromatography, etc. were not sensitive enough. Special methods like 
capillary electrophoresis and flame atomic absorption spectroscopy had to be employed to 
prove the hypothesis. The UCST of poly(NAGA) relies on thermally reversible hydrogen 
bonding. The sensitivity to ionic groups in the polymer may be explained by the very low 
heat of transition which could be determined by using ultrasensitive differential scanning 
calorimetry. Furthermore, in a prelimenary dynamic and static light scattering study it could 
be shown that when polymer aggregates collapsed upon cooling below the phase separation 
temperature their density increased by more than two orders of magnitude. In order to study 
the effect of polymer endgroups and the molecular weight distribution on the phase transition 
controlled radical polymerization via the radical addition fragmentation transfer process 
(RAFT) was performed. As expected, polymers with an ionic endgroup showed no UCST in 
pure water but in electrolyte solution. The addition of salts influenced the cloud points 
according to the Hofmeister series of ions. 
The phase transition temperature of poly(NAGA) was shifted by copolymerization with 
hydrophobic comonomers like butyl acrylate and styrene. The choice of monomer turned out 
to be crucial for the sharpness and reversibility of the phase transition. Fundamental 
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knowledge obtained from poly(NAGA) and copolymers was subsequently transferred to 
simple commercially available monomers. A set of rules were established how to obtain 
polymers with freely tunable UCST in water as well as electrolyte solution. This hypothesis 
was proven by the synthesis of poly(methacrylamide) and poly(acrylamide-co-acrylonitrile), 
actually very old polymer systems, that showed a UCST. Finally, knowledge gained in this 
and previous works was condensed into a review article allowing the conclusion of further 
structure-property-relationships. 
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Outlook 
UCST polymers that function on the basis of hydrogen bonds (HB-UCST polymers) are 
promising candidates for industrial as well as medical applications. They show thermo-
responsivity in pure water and physiological conditions, allow facile tuning of the phase 
separation temperature and can be synthesized from simple building blocks. Since the 
conditions for a reproducible synthesis and handling have been elaborated HB-UCST 
polymers are now available for a broader community of scientists. Remaining issues are the 
chemical stability and yet unknown efficiency of the phase separation. So far all nonionic 
HB-UCST polymers contain amide groups that can hydrolyze. A yet successful application 
could be based on three strategies. First, one should conduct a thorough analysis of the 
hydrolysis speed under different conditions for defining a reasonable temperature range for 
application. Second, protection against hydrolysis can be achieved by sacrificial agents like 
low molecular weight amides. Third, salts can be added to compensate the effect of a certain 
amount of hydrolysis. Another option would be the design new HB-UCST polymers 
featuring H-acceptor and H-donor moieties that are more stable to hydrolysis. For this 
purpose a list of H-acceptors and H-donors and their relative strength as given by Hunter et 
al. (Angew. Chem. Int. Ed. 2004, 43, 5310) could be highly useful. In order to evaluate the 
possible phase separation efficiency it is worth obtaining the whole phase diagram including 
the glass transition temperatures in the high concentration region. Moreover, additional data 
is needed for consolidation and refinement of apparent structure property relationships 
regarding important features of the phase transition like sharpness of the transition, hysteresis 
and sensitivity of the phase transition temperature to composition changes. 
As reproducible synthesis and handling of UCST polymers is possible first efforts in the 
direction of material science can be undertaken. In preliminary experiments a crosslinked 
hydrogel of poly(NAGA) was synthesized. As anticipated it showed reversible swelling and 
deswelling as a function of temperature in pure water as well as physiologic conditions 
(Figure 6). Likewise, investigating the temperature dependent wetting properties of such 
polymer coatings would be promising. 
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Figure 6. left: crosslinked poly(NAGA) hydrogel after preparation in a test-tube and dialysis; 
right: reversible swelling and deswelling in water as a function of temperature. The degree of 
swelling at day zero was measured at room temperature. 
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Zusammenfassung 
Im Rahmen dieser Arbeit wurden Polymere mit oberer kritischer Lösungstemperatur (engl. 
UCST) synthetisiert und charakterisiert. Das Ziel war die Frage zu beantworten, weshalb 
Polymere mit UCST in Grundlagen- und angewandter Forschung stark unterrepräsentiert 
waren und eine universelle Strategie zur Synthese von neuen Polymeren mit UCST in Wasser 
zu erarbeiten. 
Am Beispiel von Poly(N-acrylglycinamid) (Poly(NAGA)), welches seit 1964 bekannt ist, 
wurde gezeigt, dass Spuren von ionischen Gruppen die UCST drastisch erniedrigen. In der 
Vergangenheit gelangten ionische Gruppen ungewollt in das Polymer durch Acrylat-
Verunreinigungen im Monomer, Hydrolyse der Polymerseitenketten und/oder Verwendung 
von ionischen Initiatoren oder Kettentransferreagenzien. Höchstwahrscheinlich war dies der 
Grund, weshalb die UCST von Poly(NAGA) erst 2010 im Rahmen dieser Arbeit berichtet 
wurde. Um acrylatfreies Monomer zu erhalten, wurde die Synthese von NAGA verändert und 
die Kristallstruktur bestimmt. Es folgte eine detaillierte Analyse der UCST-Erniedrigung 
durch ionischen Gruppen. Eine ionische Gruppe auf 1000 Wiederholungseinheiten des 
Polymers reicht aus, um das UCST-Verhalten vollständig zu unterdrücken. Aus diesem 
Grund war es nicht möglich, die Verunreinigungen durch konventionelle Methoden wie 
NMR, IR, Elementaranalyse, Dünnschichtchromatographie oder Ähnliches zu detektieren. 
Spezielle Methoden wie Kapillarelektrophorese und Flammenabsorptionsspektroskopie 
mussten eingesetzt werden, um die Hypothese zu bestätigen. Die UCST von Poly(NAGA) 
basiert auf der Bildung thermisch reversibler Wasserstoffbrückenbindungen. Die Sensitivität 
der Phasenübergangstemperatur im Bezug auf ionische Gruppen könnte durch die geringe 
Phasenübergangswärme erklärt werden, welche durch ultrasensitive Differentialkalorimetrie 
gemessen werden konnte. Weiterhin wurde in einer vorläufigen Untersuchung mit 
dynamischer und statischer Lichtstreuung gezeigt, dass, wenn Polymeraggregate beim 
Abkühlen unterhalb der Phasenübergangstemperatur kollabieren, die Dichte dieser Partikel 
um mehr als zwei Größenordnungen zunimmt. Um den Effekt der Polymerendgruppen und 
der Molekulargewichtsverteilung auf den Phasenübergang zu untersuchen, wurde 
kontrollierte radikalische Polymerisation mit Hilfe des „radical addition fragmentation 
transfer“ (RAFT) Prozesses durchgeführt. Wie erwartet zeigten die Polymere mit ionischen 
Endgruppen eine UCST in Elektrolytlösung, nicht jedoch in reinem Wasser. Der Zusatz von 
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Salzen beeinflusste den Trübungspunkt in Übereinstimmung mit der Hofmeister-Reihe der 
Ionen. 
Die Phasenübergangstemperatur von Poly(NAGA) wurde gezielt durch Copolymerisation mit 
hydrophoben Comonomeren wie Butylacrylat und Styrol erhöht. Die Wahl des Monomers 
war entscheidend für Schärfe und Wiederholbarkeit des Phasenübergangs. Die grundlegenden 
Erkenntnisse, die für Poly(NAGA) und Copolymere erlangt wurden, wurden auf simple, 
kommerziell erhältliche Monomere übertragen. Es wurden Bedingungen formuliert, welche 
für die Synthese von neuen UCST-Polymeren erfüllt werden müssen. Diese Hypothesen 
wurden durch die Synthese von Poly(methacrylamid) und Poly(acrylamid-co-acrylnitril) 
bestätigt. Diese eigentlich lange bekannten Polymersysteme zeigten unter den gewählten 
Synthesebedingungen eine UCST in Wasser. Schließlich wurden die hier erlangten 
Erkenntisse mit zuvor bekanntem Literaturwissen in einem Übersichts-Artikel 
zusammengeführt. Dadurch konnten viele Struktur-Eigenschafts-Beziehungen aufgezeigt 
werden. 
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